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The present study has focused on achieving a micromechanical understanding of the microbond test, which involves
pulling a ﬁber out of a bead of matrix (i.e. droplet) through a knife-edge, in order to quantify the interfacial fracture prop-
erties of ﬁber-reinforced composites. According to the microbond test results for carbon-ﬁber and epoxy-resin system,
matrix cracking occurred during the ﬁber pullout, in addition to the debonding at the ﬁber–matrix interface. Therefore,
in evaluating the fracture properties of the ﬁber–matrix interface, we should pay attention to the coupling eﬀects of matrix
failure and interfacial debonding on the test results. Then, we discuss how to best extract the interfacial properties while
excluding the inﬂuence of matrix plasticity and cracking, using numerical simulations. The key mechanism demonstrated
here is that the pullout force, in the cases where the inﬂuence of matrix cracking is negligible, appears as the upper limit
among the experimental data of the pullout force for a constant initial embedded length of the ﬁber in the matrix. For this
reason, the upper-limit data all over the range of embedded ﬁber length in experiments can be reasonably evaluated by the
simulation focusing on the debonding process with matrix plasticity. This evaluation technique is eﬀective as a way of
extracting interfacial properties appropriately from microbond test results.
 2008 Elsevier Ltd. All rights reserved.
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Carbon ﬁber-reinforced plastics (CFRPs) are currently being investigated for use as general industrial
materials, such as in automobile applications, in response to the recent development of lighter aircraft struc-
tures. In these applications, eﬀorts to improve the mass production techniques employed are increasingly
required in order to obtain the desired material strength at low cost. The desired material strength is not0020-7683/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
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* Corresponding author. Tel.: +81 22 795 6984; fax: +81 22 795 6983.
E-mail address: okabe@plum.mech.tohoku.ac.jp (T. Okabe).
M. Nishikawa et al. / International Journal of Solids and Structures 45 (2008) 4098–4113 4099an easy target for ﬁber-reinforced composites because the strength and toughness of these composites depend
on the properties (i.e. the strength and toughness) of the ﬁber/matrix interface. Thus, a method for quantifying
the interfacial properties must be established to support the design of ﬁber-reinforced composites. However,
how to evaluate these basic interfacial properties remains a controversial issue among researchers of composite
materials.
Test methods using single-ﬁber model composites, such as pullout, microbond, and pushout tests, are help-
ful in extracting the debonding process of the interface from the overall damage process of a composite. In
particular, the microbond test (Miller et al., 1987) is a simple ﬁber pullout technique for evaluating shear fail-
ure of the ﬁber–matrix interface. The microbond test involves pulling a ﬁber out of a bead of matrix (i.e. drop-
let) through a knife-edge (as shown in Fig. 1), accompanied by the debonding at the ﬁber–matrix interface,
and then it evaluates the interfacial fracture properties based on the resulting force required in the pullout.
This technique is quite useful for small-diameter ﬁbers, such as carbon ﬁbers, because the ﬁber pullout can
be completed without ﬁber breakage. However, it has frequently been pointed out that the microbond test fails
to quantify the ‘‘true” interfacial properties representing the interfacial fracture, partly because the interfacial
properties obtained from the microbond test using conventional data-reduction techniques (e.g. the averaged
interfacial shear strength (IFSS)) are not consistent with those determined using other test methods (Herrera-
Franco and Drzal, 1992). In addition, many researchers (such as Zinck et al. (2001)) have reported signiﬁcant
data scatter as a limiting aspect of the microbond test. This inconvenience is caused by the fact that the micro-
mechanical modeling for the microbond test has not been well developed and the overall damage process dur-
ing the test is not well understood. This issue must be solved by the contributions of a detailed numerical
analysis.
Recent researches (Bi et al., 2002; Tsai et al., 2005) have contributed to ﬁnite-element (FE) modeling of the
ﬁber pullout and pushout tests. These models address the interfacial fracture during the tests, utilizing inter-
face elements embedding the damage process zone onto the ﬁber–matrix interface. This framework had been
frequently applied to the fracture at the ﬁber–matrix interface in composites, ﬁrst in Nutt and Needleman
(1987), and then extended in Tvergaard (1990), etc. In most interface elements, the model of the damage pro-
cess zone was constructed based on the conventional fracture mechanics. (This type of model was referred to
as an embedded process zone (EPZ) model in Hutchinson and Evans, 2000.) Overall, these approaches to
interfacial fracture are also eﬀective for the modeling of single-ﬁber test methods. Additionally, the predicted
results of the debonding process during the tests can be utilized to obtain interfacial fracture properties
(strength and toughness) of the composites through their ﬁtting to the experimental data.
In applying these approaches to the modeling of microbond tests for small-diameter ﬁbers, however, some
diﬃculties arise. In microbond tests, actual experiments reveal that part of each droplet remains on the ﬁber
after it is pulled out of the matrix (Zinck et al., 2001), and thus the ﬁber pullout cannot be characterized by the
debonding all over the interface (i.e. pure debonding process). The coupling eﬀects of matrix failure and deb-
onding process on the test results should be discussed in order to reasonably extract the interfacial fracture
properties based on the microbond test. This point has not been discussed in the micromechanical modeling
and analysis of the microbond test.
For this purpose, the present study has focused on achieving a micromechanical understanding of the
microbond test, with consideration given to matrix failure, in order to quantify the interface properties of
ﬁber-reinforced composites. The present approach to interfacial fracture is based on the EPZ model. First,Knife-edge
Fiber
Matrix droplet
Embedded lengthForce
Maximum
droplet diameter
Fig. 1. Schematic of the microbond test conﬁguration.
4100 M. Nishikawa et al. / International Journal of Solids and Structures 45 (2008) 4098–4113we conducted microbond tests using T800S carbon-ﬁber specimens with epoxy-resin droplets. The experimen-
tal setup and results are presented in Section 2. The experimental results and FE modeling reinforces our
understanding that the inherent diﬃculty in controlling the knife-edge position causes the variation of matrix
cracking, and consequently the data scatter in the microbond tests. We then discuss how to best extract the
interfacial properties while excluding the inﬂuence of matrix plasticity and cracking in Section 3. Here, our
basic idea for evaluating experimental results is that the upper limit of the pullout force, among the experimen-
tal data for a constant initial embedded length of the ﬁber in the matrix, is controlled almost entirely by a pure
debonding process. This basic mechanism is ﬁnally veriﬁed in Section 4, using numerical simulations to discuss
the inﬂuence of matrix cracking on the pullout process in the microbond test. These discussions contribute to
the appropriate evaluation of interfacial fracture based on the microbond test results.
2. Microbond test
2.1. Experiment
We conducted microbond tests using T800S carbon ﬁber with 5 lm ﬁber diameter, provided by Toray
Industries, and epoxy resin (Bisphenol-A type epoxy resin (Epikote 828) with triethylenetetramine (TETA)
as curing agent in a 100/11 ratio). The specimen consisted of a ﬁber embedded in matrix droplets. A steady
displacement was applied to the free end of the ﬁber to pull it out of the matrix through a knife-edge, as illus-
trated in Fig. 1. The machine used in the test was developed in our previous study (Zhao et al., 1996). The test
was conducted at room temperature, with the rate of ﬁber-end displacement set to 0.10 mm/min. The ﬁber
pullout was conducted under observation with an optical microscope. During the test, the force applied to
the free-ﬁber end was measured with a sensitive load cell of 5 N. Here it should be noted that our experimental
setup could not control the exact knife-edge position from the ﬁber, and thus the variation in the knife-edge
position from one test to another was inherently included in the experimental data. It will be clariﬁed in the
following sections that this diﬃculty in controlling the knife-edge position causes the variation of the size and
position of matrix cracking, which inﬂuences the pullout process.
Fig. 2(a) presents a typical force history obtained by the experiment. The ﬁber-end force increases almost
proportionally to the applied displacement until it reaches a maximum force and then drops. The pullout force
Fd, measured as the maximum force applied to the ﬁber end, is then plotted as a function of the embedded
length l of the ﬁber in the droplet in Fig. 2(b). The lines evaluated by the interfacial shear strength (IFSS) cri-
terion and by the analytical model based on the energy-based criterion (Scheer and Nairn, 1995) are also
included in the ﬁgure.F d ¼ 2prfl  scr ðIFSSÞ ð1Þ
F d ¼ F dðl;Gc;DT Þ ðEnergy-based criterionÞ ð2ÞHere, scr is the interfacial shear strength, Gc is the critical energy release rate, rf is the ﬁber radius, and DT is
the temperature change from the stress-free temperature (80 K). The experimental results have a large scatter
in the pullout force, and the interfacial parameters estimated by ﬁtting with the experimental data vary exces-
sively. IFSS varies from 64 to 108 MPa (average: 92.3 MPa), and Gc varies from 81 to 205 J/m
2 (average:
131.5 J/m2).
This issue is inherent for small-diameter ﬁbers in attempts to obtain a quantitative ﬁt with experiments.
Here, the typical ﬁber breaking strain is about 2.0% according to the data sheet of the supplier. Therefore,
when ﬁber pullout can be completed without ﬁber breakage, the pullout force is at most 0.12 N for the present
material system, according to the ﬁber breaking strain and Hooke’s law. Then the ﬁber embedded length
where pullout data is available is at most 75 lm, as seen in Fig. 2. In contrast, in the previous literature where
existing theoretical models have worked well (e.g. Scheer and Nairn, 1995), the target material system provides
a wide range of embedded lengths in the experiments. For example, Scheer and Nairn (1995) demonstrate a
quantitative ﬁt with experiments for pulling E-glass ﬁbers (21 lm diameter) out of epoxy droplets, where the
maximum embedded length is about 0.45 mm. In their case, the interfacial property may be determined by use
of a least-squares regression, because of the wide range of available experimental data.
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Fig. 2. Microbond tests for T800S carbon-ﬁber and epoxy-resin system. (a) Typical ﬁber-end force history during the ﬁber pullout. (b)
Pullout force as a function of the embedded length.
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electron microscope (SEM). Matrix cracking from the knife-edge position (Fig. 3(a)) and in the meniscus
region (Fig. 3(b)) can be seen in the ﬁgure. This fact shows that the ﬁber was not pulled out under a pure deb-
onding process in the microbond tests. (Pure debonding process means that the ﬁber pullout was completed by
the debonding all over the interface.) In the case of Fig. 3(b), the size of the matrix cracking is small, and thus
we can consider that the ﬁber was pulled out almost under a pure debonding process. In fact, it will be shown
in Section 4 that the inﬂuence of the matrix cracking in the meniscus region on the pullout force was negligible.
In contrast, the size of the matrix cracking seen in Fig. 3(a) is not negligible compared with the ﬁber embedded
length. The inﬂuence of this matrix cracking on the test results, however, has not been considered in the pre-
vious works because the fracture phenomenon during the pullout in experiments is usually not discernible
under an optical microscope. This is a major issue in applying conventional evaluation techniques to the
experimental results. The inﬂuence of matrix cracking in the droplet must be considered in order to extract
interfacial fracture from microbond test results.2.2. Matrix cracking depending on the knife-edge position
To examine the underlying mechanism of the matrix cracking process as seen in microbond tests, we con-
ducted crack path predictions using numerical simulations. We demonstrate the eﬀect of the knife-edge posi-
tion, which is diﬃcult to control in the experiments, on the matrix cracking process.
Fig. 4 depicts the axisymmetric ﬁnite-element model used in the simulation. The actual proﬁle of a matrix
droplet was considered using Carroll’s theory (Carroll, 1976; Ash et al., 2003). According to the procedure
described in Appendix A, the proﬁle of a matrix droplet can be determined as a function of the contact angle
of the droplet with the ﬁber. To determine the proﬁle based on experiments, we ﬁrst measured the relationship
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Fig. 3. SEM observations of a droplet remaining on the ﬁber after pullout. (a) When the knife-edge position is near the ﬁber. (b) When the
knife-edge position is far from the ﬁber.
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Fig. 4. Finite-element model for the single-ﬁber and matrix-droplet system.
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tographs of arbitrary droplets on a ﬁber prepared with the same procedure as that used for the microbond
specimens. Fig. 5 plots the measured relationship between the ﬁber embedded length and the maximum drop-
let diameter. We then determined that the theoretical line using the contact angle h = 12.0 reproduced the
measured relationship in Fig. 5. We also conﬁrmed that we can reproduce the proﬁle of the matrix droplet
by substituting the obtained contact angle into the theory, as demonstrated in Fig. 6. In the following, we pres-
ent the results when the embedded length of the ﬁber in the model was set to 52 lm as a typical example
(Fig. 4).
In the ﬁnite-element model, ﬁber was represented as an elastic orthotropic material, consisting of nine-node
isoparametric quadrilateral elements, and the matrix was represented by a J2 ﬂow elastic–plastic material, con-
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Fig. 5. Relationship between embedded ﬁber length and droplet maximum radius to determine the droplet proﬁle. The theoretical line in
the ﬁgure is based on Carroll (1976).
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Fig. 6. Comparison of the proﬁle of a matrix droplet between experiment and theory.
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stress–strain relation, assuming a linear-isotropic hardening function. The material properties are listed in
Table 1. The matrix plastic properties in Table 1 were obtained by tensile tests. All the simulations in this
paper included the eﬀect of the thermal residual stress generated during the cooling process in the specimen
fabrication.
Finally, the matrix cracking was addressed, utilizing one-parameter damage mechanics model for the crack-
ing in epoxy-matrix (Nishikawa et al., in preparation) This procedure is described in Appendix B. The aim of
this section is to understand the experimental phenomena in microbond tests qualitatively, and thus the
detailed discussion about the employed matrix cracking model is left to our future discussion.Table 1
Material properties used in the simulation
Fiber axial modulus 294 GPa
Fiber transverse modulus 14 GPa
Fiber axial Poisson’s ratio 0.2
Fiber transverse Poisson’s ratio 0.35
Fiber axial shear modulus 18 GPa
Fiber transverse shear modulus 14 GPa
Fiber axial thermal expansion coeﬃcient 0.4  106 (/K)
Fiber transverse thermal expansion coeﬃcient 3  105 (/K)
Fiber diameter 5 lm
Matrix modulus 3.5 GPa
Matrix Poisson’s ratio 0.31
Matrix yield stress 73 MPa
Matrix plastic tangent modulus 75 MPa
Matrix thermal expansion coeﬃcient 4  105 (/K)
4104 M. Nishikawa et al. / International Journal of Solids and Structures 45 (2008) 4098–4113With this model, we present the matrix cracking process during ﬁber pullout in a microbond test. The sim-
ulation was conducted by controlling the ﬁber-end displacement. The simulation was based on a static, non-
linear incremental analysis. In addition, the boundary conditions given by the knife-edge were reproduced by
ﬁxing the corresponding nodes of the droplet boundary whenever they reached the knife-edge as a conse-
quence of deformation.
We present the simulated results analyzed with two cases of boundary conditions: (a) with the knife-edge
near the ﬁber (5.0 mm away from the interface) and (b) with the knife-edge far from the ﬁber (11.5 mm away
from the interface). Fig. 7 depicts the simulated results of the matrix cracking process as the applied force
increases for two cases of the knife-edge position. When the knife-edge position is near the ﬁber (Fig. 7(a)),
the ﬁber-end force and the contact force exerted by the knife-edge, which act in opposite directions, contribute
to the cracking from the knife-edge position. The matrix cracking then propagates until it reaches the inter-0 0.02 0.04 0.06 0.08 0.1
D
Knife-edge
Cracking from 
the knife-edge
position
0 0.02 0.04 0.06 0.08 0.1
D
5 μm
5 μm
Knife-edge
Cracking in the 
meniscus region
Fig. 7. Simulated results of the matrix cracking process as the applied force increases when the knife-edge position is varied. (a) When the
knife-edge position is near the ﬁber. (b) When the knife-edge position is far from the ﬁber.
M. Nishikawa et al. / International Journal of Solids and Structures 45 (2008) 4098–4113 4105face. In contrast, when the knife-edge position is far from the ﬁber (Fig. 7(b)), the matrix crack emanating
from the knife-edge position does not grow to the interface, and increasing the applied force causes cracking
in the meniscus region (Fig. 7(b)-(v)). Fig. 8 plots the distributions of von-Mises eﬀective stress in a droplet for
two cases of knife-edge position. The stress concentration in the droplet changes as the knife-edge position is
varied, as demonstrated by comparing Fig. 8(a) and (b). This diﬀerence of stress concentration leads to vari-
ations in the cracking position depending on the knife-edge position. In addition, this tendency of crack paths
depending on the knife-edge position as seen in these ﬁgures is consistent with the experimental results in
Fig. 3.
From these results, we can conclude that the knife-edge position determines the position of matrix cracking.
In particular, when the knife-edge position is near the ﬁber, the matrix cracking initiated from the knife-edge
position reaches the interface, and the signiﬁcantly large matrix cracking occurs. Therefore, according to the
knife-edge position, the large matrix cracking occurs in some tests, and then the results obtained from these
tests do not evaluate a pure interfacial fracture process. These facts imply that the inability to control the exact
knife-edge position causes diﬃculties to evaluate interfacial properties based on the microbond test. In our
simulation, if the knife-edge position is kept more than approximately twice the ﬁber diameter away from
the interface, the ﬁber can be pulled out without causing a signiﬁcant matrix cracking, as illustrated in
Fig. 7(b). This is an ideal condition of microbond tests in order to evaluate the appropriate interface
properties.
However, the precise control of the knife-edge position in microbond tests is generally diﬃcult. Considering
the realistic situation, it is rather desirable to extract the interfacial properties from microbond tests while
excluding the inﬂuence of matrix failure, instead of controlling the knife-edge position. This will be discussed
in Sections 3 and 4.(MPa)
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Fig. 8. Comparison of the simulated stress distribution when the knife-edge position is varied. (a) When the knife-edge position is near the
ﬁber. (b) When the knife-edge position is far from the ﬁber.
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In this section, we discuss how to best extract the interfacial properties while excluding the inﬂuence of
matrix plasticity and cracking. At the beginning of this section, we summarize our idea for evaluating the
experimental results. The experimental observations in Fig. 3 reveal the occurrence of matrix cracking during
the pullout process. When matrix cracking occurs, it can be supposed that the residual length of the ﬁber
embedded in the droplets decreases due to the matrix cracking. The pullout force then decreases due to the
reduced embedded length. We note here that the experimental results reveal cases where matrix cracking
occurs in the meniscus region and is very small, as seen in Fig. 3(b). In this case, we can say that the residual
embedded length of the ﬁber is almost the same as the initial embedded length and thus that the pullout force
is controlled almost entirely by the pure debonding process. Therefore, the pure debonding case will be the
case that gives the maximum residual length of the ﬁber, and thus the maximum pullout force, among the
experimental data for a constant initial embedded length. Based on this idea, we evaluate the interfacial prop-
erties based on the upper limit of the experimental results by simulating debonding growth.
For this purpose, we utilized numerical simulations for the interfacial debonding process during the ﬁber
pullout in a microbond test. The present simulation is based on the EPZ model for interfacial fracture.3.1. Numerical model
Fig. 9 illustrates a typical axisymmetric model used in the simulation. To compare the results with that of
the conventional evaluation method presented in Section 2.1, we used a simple two-cylinder ﬁnite-element
model similar to that used by Scheer and Nairn (1995). The model was divided into nine-node isoparametric
rectangular elements (100 elements in the axial direction and 45 elements in the transverse direction). The
transverse length of the model was determined as
ﬃﬃﬃﬃﬃﬃﬃ
2=3
p ðdmax=2Þ using the procedure described in Scheer
and Nairn (1995). Here, the maximum droplet diameter dmax can be obtained as a function of the embedded
ﬁber length l based on the results shown in Fig. 5. In the model, ﬁber is represented as an elastic orthotropic
material, while the matrix is represented by a J2 ﬂow elastic–plastic material. The simulation used the material
properties listed in Table 1.
To simulate the debonding process during the ﬁber pullout, interfacial fracture was addressed in the model
by incorporating six-node interface elements embedding the damage process zone at the ﬁber–matrix interface.
These elements are based on the EPZ model that relates the separation and traction between solid elements.
The damage process in the EPZ model is addressed by the traction-separation constitutive rule and the energy-
based criterion. We recently presented a simple EPZ model (Okabe et al., 2006; Nishikawa et al., 2007a) based
on Dugdale’s assumption (Dugdale, 1960), as illustrated in Fig. 10, and applied this EPZ model to the mod-
eling for the fracture of the ﬁber–matrix interface (Nishikawa et al., 2007b; Nishikawa et al., in press). Here,
we will brieﬂy describe this EPZ model. The constitutive law acts as a penalty function, maintaining the con-
tinuity of the displacement between solid elements while the embedded process zone is intact. After the trac-
tion reaches its maximum value Ti,max (i = I, II), where subscript i denotes the separation mode of the element,
the traction remains constant until complete separation occurs at a critical value Dic (i = I, II). The critical sep-
aration and maximum traction are related to the critical energy release rate Gic (i = I, II) asDic ¼ GicT i;max þ
T i;max
2k1
ð3ÞFiber
Matrix
Axisymmetric
Embedded process zone 
for the interface
Displacement
x
y
Fig. 9. Schematic diagram of the two-cylinder model.
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Fig. 10. EPZ model representing the interfacial fracture. (a) Schematic of the element embedding the damage process zone. (b) Normal
direction. (c) Tangential direction.
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in progress under mixed-mode conditions, it is simply assumed that the traction-separation rule is indepen-
dently deﬁned in each mode of the elements, irrespective of the separation state in the other mode. In this case,
the complete separation condition is deﬁned asD  hDIi
DIc
 2
þ DII
DIIc
 2
¼ 1 ð4Þ
where hDIi ¼
DI DI P 0
0 DI < 0
When Eq. (4) is satisﬁed at an integration point of an element, all components of the traction at the corre-
sponding point are set to zero. The detailed formulation of these elements into ﬁnite-element analysis was dis-
cussed in our previous papers (Okabe et al., 2006; Nishikawa et al., 2007a,b). In this approach, interfacial
fracture is controlled by a two-parameter set: the maximum traction TII,max and the critical energy release rate
GIIc. Here, the present study assumes TI,max = TII,max and GIc = GIIc regarding mode-I components for
simplicity.
With this model, the debonding process during ﬁber pullout was simulated by controlling the ﬁber-end dis-
placement. The other boundary conditions are indicated in Fig. 9. The associated ﬁber-end forces were calcu-
lated by summing up the nodal forces at the boundary. The pullout force can then be determined as the
maximum ﬁber-end force during the simulated ﬁber pullout process.
3.2. Results and discussions
As described above, we attempted to evaluate the interfacial properties based on the upper limit of the
experimental results by simulating debonding growth. Fig. 11 compares the simulated results with the exper-
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4108 M. Nishikawa et al. / International Journal of Solids and Structures 45 (2008) 4098–4113iments. We will focus on the square-plot results (obtained using an elastic–plastic material as matrix) seen in
Fig. 11. The simulated results with a particular set of interfacial parameters (TII,max = 150MPa, GIIc = 200 J/m
2)
reasonably represent the upper limit of the experimental results. (The set of the interfacial parameters was
obtained through a trial and error process. Here, the uniqueness of the obtained parameters remains an issue.
This kind of matter was discussed in Bi et al., 2002; Nishikawa et al., in press). The obtained critical
energy release rate (200 J/m2) needed to ﬁt the upper limit of the experiments implies that the average value
(131.5 J/m2) calculated from the experimental results as presented in Section 2.1 was much underestimated.
This is a consequence of our assumption that the upper limit of the pullout force is controlled by the pure
debonding process.
For comparison, Fig. 11 also includes simulated results assuming an elastic matrix in place of the elastic–
plastic matrix. These results were calculated using the same elastic material properties listed in Table 1. Since
the analytical model is based on a variational mechanics model (Scheer and Nairn, 1995) that inherently
assumes an elastic matrix, the simulated results for an elastic matrix yield the same tendency of the pullout
force as a function of the ﬁber embedded length as given by the analytical model (Fig. 11). However, the
results with the elastic–matrix simulation and the analytical model are signiﬁcantly diﬀerent from the simula-
tion for elastic–plastic matrix.
In addition, though the IFSS criterion appears to work better than an energy-based analysis assuming elas-
tic matrix in Fig. 2, Fig. 2 does not truly validate the IFSS criterion due to the overly simpliﬁed assumption of
constant interfacial stress. The energy-based analysis considering matrix plasticity is essential to represent the
upper limit of experimental results over the whole range of the ﬁber embedded length.
From these results, we can conclude that matrix plasticity is a key factor in quantifying the relevant inter-
facial properties. Moreover, the present approach, which evaluates the upper limit of the experiments while
considering matrix plasticity, will provide a solution to the problem in which the parameters describing inter-
facial fracture obtained through microbond tests tend to be underestimated in comparison with other single-
ﬁber methods, as reported by Herrera-Franco and Drzal (1992).4. Inﬂuence of the matrix cracking position and cracking force on the ﬁber pullout
In the preceding section, we assumed that the upper limit of the pullout force for a constant initial embed-
ded length is controlled by a pure debonding process. Finally, this assumption is veriﬁed by investigating the
inﬂuence of matrix cracking on the pullout force. For this purpose, we conducted numerical simulations for
the debonding process during ﬁber pullout with EPZ model, while introducing the matrix cracking in the
droplet at a pre-determined cracking force. In particular, we examined the inﬂuence of matrix cracking
position to clarify the diﬀerence of the reduction in pullout force caused by matrix cracking. In addition,
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tain factor in experiments.
4.1. Numerical model
Here, we again used the ﬁnite-element model in Fig. 4. We present the results in this section when the
embedded length of the ﬁber in the model was set to 52 lm. Fiber was represented as an elastic orthotropic
material, consisting of nine-node isoparametric quadrilateral elements, and the matrix was represented by a J2
ﬂow elastic–plastic material, consisting of six-node triangle elements. We used the material properties listed in
Table 1. The simulation was conducted by controlling the ﬁber-end displacement. In addition, the knife-edge
position was set to 11.5 mm away from the ﬁber–matrix interface. This boundary condition was addressed by
ﬁxing the corresponding nodes of the droplet boundary whenever they reached the knife-edge as a conse-
quence of deformation.
To estimate the inﬂuence of matrix cracking on the pullout force, two types of matrix cracking ((A) large
cracking in the droplet and (B) cracking in the meniscus region) were assumed based on the experimental
results in Fig. 3. The positions of these cracks are depicted in Fig. 12(a). To examine the eﬀect of the cracking
force on the pullout process, each type of crack was introduced at various pre-determined cracking forces.
Fig. 12(b) schematically illustrates the introduction of matrix cracking into the ﬁnite-element model. The stiﬀ-
ness and stress of matrix elements in the pre-determined crack path were eliminated from the model when the
ﬁber-end force reached a certain pre-determined cracking force during the simulation.
The interfacial fracture was then addressed in the model by incorporating six-node elements embedding the
damage process zone at the ﬁber–matrix interface, as described in Section 3.1. Based on this ﬁnite-elementmodel,
we simulated the debonding process during ﬁber pullout, while considering the inﬂuence of matrix cracking.
4.2. Results and discussions
The simulated pullout force (i.e. the maximum ﬁber-end force during the pullout) varies with the crack
position and cracking force. Typical simulated results for one set of interface parameter (TII,max = 100 MPaCrack(A)
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2) are summarized in Fig. 13. The simulated pullout force converges to a constant value as
the pre-determined cracking force increases. The simulated results are roughly divided into three cases (cases
(i) to (iii) as indicated in Fig. 13). When the cracking force is small (case (i)), the ﬁber-end force increases even
after matrix cracking until interfacial debonding occurs. When the cracking force is intermediate (case (ii)), the
maximum force is controlled by the cracking force. When the cracking force is large (case (iii)), interfacial deb-
onding occurs before the ﬁber-end force reaches the cracking force. In case (i), the pullout force is reduced,
since the residual length of the ﬁber embedded in the droplet decreases due to the matrix cracking. Cases
(i) and (iii) yield the lower and upper limits of the pullout force, when the embedded length is constant and
the position of matrix cracking in the droplet is ﬁxed. In addition, let us now focus on the comparison between
cases (A) and (B) in Fig. 13. The inﬂuence of matrix cracking (A) on the pullout force causes a reduction of up
to 23 %, considering that the upper limit of the pullout force results from the pure debonding process. In con-
trast, the inﬂuence of cracking in the meniscus region is almost negligible as shown by the comparison between
the cases (i) and (iii).
Therefore, variation of the matrix cracking size, depending on the knife-edge position as seen in Section 2,
inherently causes a variation in pullout force. From the results above, however, we can further conclude that
the upper limit of the pullout force for a constant embedded length is controlled by the pure debonding pro-
cess. Even if the cracking force is less than the force at the propagation of the debonding, the pullout force
after the cracking in the meniscus region is almost the same as that of the pure debonding process. This case
actually exists, according to the knife-edge position, as discussed in Section 2. For these reasons, we can eval-
uate the upper limit of the experimental data all over the range of the embedded ﬁber length, using the sim-
ulation without considering matrix cracking, as demonstrated in Section 3. Therefore, the analysis assuming a
pure debonding process and repeated experiments obtaining the upper limit of multiple data points contribute
to the appropriate evaluation of interfacial fracture, since the upper limit of the pullout force is controlled
almost entirely by a pure debonding process.5. Conclusions
The present study has focused on a micromechanical understanding of the microbond test with consider-
ation given to matrix failure in order to quantify the interface properties of ﬁber-reinforced composites.
The experimental results and FE modeling reinforces our understanding that the inherent diﬃculty in con-
trolling the knife-edge position causes the variation of matrix cracking, and consequently the data scatter in
the microbond tests. When the knife-edge is near the ﬁber, the crack from the knife-edge position reaches the
ﬁber–matrix interface. When the knife-edge is far from the ﬁber, the crack appears in the meniscus region of
the droplet. In addition, cracking in the meniscus region hardly inﬂuences the maximum force at ﬁber-pullout,
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These results indicate that the latter failure is a primary cause of the large scatter in the pullout force in exper-
iments. In our simulation, if the knife-edge position is kept more than approximately twice the ﬁber diameter
away from the interface, the ﬁber can be pulled out without causing a signiﬁcant matrix cracking. This is an
ideal condition of microbond tests in order to evaluate the appropriate interface properties.
Considering the realistic situation, it is rather desirable to extract the interfacial properties from microbond
tests while excluding the inﬂuence of matrix failure, instead of controlling the knife-edge position precisely. We
then discuss how to best extract the interfacial properties while excluding the inﬂuence of matrix plasticity and
cracking, using numerical simulations. The key mechanisms demonstrated here are that the pullout force con-
verges to a constant value as the cracking force increases, and that the pullout force after the matrix cracking
in the meniscus region is almost the same as that of the pure debonding process. The pullout force in these
cases appears as the upper limit of the pullout force in the experiment with a constant embedded length of
the ﬁber. Based on this discussion, we can conclude that this upper-limit force is controlled almost entirely
by the pure debonding process. This is the principal reason why simple averaging data-reduction underesti-
mates the critical energy release rate for the interfacial fracture. In fact, the upper-limit force all over the range
of embedded ﬁber length in experiments can be reasonably evaluated with the simulation focusing solely on
the debonding process with matrix plasticity. This evaluation technique is eﬀective for the appropriate evalu-
ation of the interfacial properties, while excluding the inﬂuence of matrix plasticity and cracking on the micro-
bond test results.Acknowledgements
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Here, we describe the procedure to determine the proﬁle of a matrix droplet as a function of the contact
angle of the droplet with the ﬁber, using Carroll’s theory (Carroll, 1976). Fig. 6 includes the coordinate system
of the ﬁber–droplet system. We assume that the eﬀect of gravity on the droplet is negligible for this small-
diameter ﬁber and droplet. The proﬁle of the droplet (i.e. the curve of the droplet boundary) can then be
expressed for a cylindrical ﬁber with the auxiliary variable u, which denotes the angle between a point of
the droplet boundary and the y-axis, as follows:y2 ¼ h2ð1 k2 sin2 uÞ ðA:1Þ
x ¼ ðarfF ðu; kÞ þ hEðu; kÞÞ ðA:2Þ
where a ¼ h cos h rf
h rf cos h ðA:3Þ
k2 ¼ h
2  a2r2f
h2
ðA:4Þwhere h is the contact angle of the droplet on the ﬁber as illustrated in Fig. 6, rf denotes the ﬁber radius, h
denotes the maximum droplet radius given by h = dmax/2, and F and E are the Legendre’s standard incomplete
integrals of the ﬁrst and second kind as a function of auxiliary variable u and parameter k. Now let us consider
the contact points of the droplet on the ﬁber. Since the coordinates of these points are (x,y) = (±l/2,rf), the
following equations are derived from Eqs. (A.1) and (A.2):r2f ¼ h2ð1 k2 sin2 umaxÞ ðA:5Þ
l ¼ 2ðarfF ðumax; kÞ þ hEðumax; kÞÞ ðA:6Þ
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and maximum droplet radius h can be obtained from the experimental data. Then the proﬁle of the droplet is
determined through Eqs. (A.1) and (A.2).
Appendix B. One-parameter damage mechanics model for matrix cracking
Here, we describe the method for addressing the matrix cracking in the droplet with the present ﬁnite-ele-
ment simulation. It is diﬃcult to apply the energy-based approach to matrix cracking for the following
reasons:
(1) The initiation of matrix cracking needs to be addressed, and the initial position of a crack cannot be
determined before the simulation.
(2) A numerical procedure for determining the crack direction is complicated.
Therefore, we have recently developed a one-parameter damage mechanics model for the cracking in epoxy-
matrix (Nishikawa et al., in preparation). We applied this model to simulate the microscopic damage in single-
ﬁber composite tests using carbon-ﬁber and epoxy-matrix system, and demonstrated that the proposed model
can reasonably reproduce the characteristic transverse matrix cracking from a ﬁber break in the tests. Then the
present simulation utilizes this continuum damage mechanics model to deal with the matrix cracking during
microbond tests. We will explain this model below.
Our model utilizes the formulation of one-parameter damage mechanics model given by Kobayashi
et al. (2004), which simpliﬁes the Murakami–Ohno model (Murakami and Ohno, 1981) and deﬁnes
the damage variable as scalar quantity. We begin with deﬁning strain-equivalent conﬁguration. The vari-
ables in the nominal state (macroscopically homogenized state, or the state used in ﬁnite-element calcu-
lation) (stress r, strain e, stiﬀness E) can be expressed in relation to those in the true state (actual,
microscopically damaged state) (r*, e*, E0) as follows. (Here, we write down one-dimensional description
for simplicity.)e ¼ e; E ¼ ð1 DÞE0 ! r ¼ r
1 D ðB:1Þwhere D denotes the damage variable causing the stiﬀness degradation. As D increases, the stiﬀness reduces till
ﬁnally E = 0 when D = 1. For the elastic–plastic matrix, the multi-dimensional incremental stress–strain rela-
tions can be derived as below.Dr ¼ ð1 DÞCep : De DD
1 D r ðB:2Þwhere e and r denotes the strain and stress tensors, and Cep is the elastic–plastic constitutive tensor. Here, the
damage variable D is deﬁned as scalar quantity.
The microscopic failure characteristics in the matrix material can be incorporated into the evolutionary
equation of damage variable. Here, we deﬁne the following evolutionary equation of damage variable.DD ¼ ð1 DÞChDepmi þ ðB0 þ B1DÞDep ð0 6 D 6 1Þ
where CDepm ¼ ADfDðhrmi=ryÞ2g ðB:3ÞThe ﬁrst term represents the extension of existing voids or defects due to plastic volumetric expansion strain epm
(referring to the famous equation by Gurson, 1977), while the second term represents the damage extension
due to shear failure. ep denotes the plastic equivalent strain, rm is the mean stress, and ry is the matrix yield
stress. The meaning of the bracket h i in Eq. (B.3) is similar to that in Eq. (4) and Eq. (B.3). As D increases,
the contribution of the ﬁrst term reduces, which means that the void growth is suppressed by neighboring
voids, and then the shear failure dominates. This reﬂects the microscopic situations in epoxy fracture. The phe-
nomelogical parameters A, B0, and B1 in Eq. (B.3) are reasonably calibrated through the comparison with
SFC test results (Nishikawa et al., in press). Then, we use the calibrated parameters A = 0.5, B0 = 0,
B1 = 0.5, and Dini = 0.01 as the initial value of D.
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tribution to the stiﬀness matrix becomes near zero and sometimes numerical instability occurs. Therefore, we
eliminated the corresponding element when the averaged D in the element reaches Dcr (near 1). The present
simulation uses Dcr = 0.9. The successive elimination process yields free nodes, which are not referred to by
the intact elements. Such nodes are searched for and excluded from the equilibrium equations of the ﬁnite-ele-
ment analysis. By this procedure, we can simulate the initiation and propagation of matrix cracking.
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